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We examine the behavior of sound attenuation and bulk viscosity near the 2’nd order QCD
phase transition at finite density. A dynamical model is presented describing the coupled
evolution of sound mode and a slow mode of fluctuations.
INTRODUCTION
The main result of heavy ion experiments
performed over almost two last decades at RHIC
and at RHIC and LHC is a discovery of a new
form of matter with properties markedly differ-
ent from the pre-RHIC era predictions. The-
oretical efforts accompanying the experimental
discoveries added a lot to our understanding of
the quark matter properties. There is, however,
an unfortunate aspect in the theoretical studies.
Only zero, or very small µB domain of the QCD
phase diagram in the (µB , T ) plane is accessi-
ble to lattice Monte-Carlo simulations since for
µ 6= 0 the fermion determinant is no longer real.
The analysis of the quark matter properties
can be carried out testing its response to exter-
nal exitations. Transport coefficients character-
ize how small perturbations from equilibrium are
transmitted through the medium. Shortly af-
ter the collision and until hadronization the cre-
ated matter is in the form of an almost ideal
liquid. Sound is the only long-lived propagat-
ing mode in a near-ideal fluid. Viscosity leads to
the dissipation of the sound wave energy. Shear
viscosity η dominates the sound attenuation in
the regime of weak interaction when the system
is approximately scale invariant (Stokes absorp-
tion). If the medium is compressible and close
to deconfiment/confinement transition the bulk
viscisity ζ is responsible for the sound absorp-
tion. Close to the critical temperature Tc the
sound attenuation is anomalously strong [1–5].
The bulk viscosity ζ sharply rises towards sin-
galarity near Tc [6–10]. The speed of sound
which is by the fluctuation-dissipation theorem
related to the sound absorption attains its mini-
mum near Tc. This is the softest point of EoS. In
ultra-relativistic and ultra-nonrelativistic limits
when the trace of the energy-momentum tensor
depends only on the energy and particle densities
ζ = 0 [11]. As shown by Mandelshtam and Leon-
tovich (ML) long ago [12] and later confirmed by
Tisza [13] the anomalous behavior of the sound
absorption coefficient γ near Tc is caused by the
contribution from the slow mode with a large re-
laxation time τ = Γ−1. The divergent bulk vis-
cosity has the same origin. The essence of ML
2theory is the following [1, 2, 12, 14]. Propagation
of the sound wave changes the temperature in
compression-rarefaction regions. The slow mode
(chemical reactions in the original ML work [12])
can not keep up with this process. During the
slow equilibration energy dissipation takes place
resulting in anomalous sound absorption and en-
hanced bulk viscosity. In [14] the sound atten-
uation near the 2’nd order transition point has
been investigated along the lines of the ML the-
ory. In this case the slow mode corresponds to
the relaxation of the order parameter which ex-
hibits fluctuations near Tc. Let us present a com-
pendium of the results of the ML theory for the
low frequency ωτ . 1 region [1, 2, 9, 14]
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Here c20 =
(
∂p
∂ε
)
s
is the ordinary hydrody-
namic speed of sound, c2∞ =
(
∂p
∂ε
)
ϕ
– the speed
of sound at a given value of the order param-
eter ϕ, c∞ > c0. Expression for ζ(0) in (2) is
the known Landau-Khalatnikov formula [14]. In
order to equilize the short and long waves dis-
tortions caused by the attenuation one intro-
duces the dimensionless attenuation per wave-
length αλ = λγ. According to (1)-(2)
αλ = ω
piζ(0)
εc2
0
, (4)
This relation is used to determine the bulk
viscosity of conventional materials from the
sound absorption. From (1) it follows that ωτ ≪
1 means αλ ≪ pi, i.e., weak absorption. The
clear-cut picture of the high frequency ωτ ≫ 1
transport coefficients is far from being complete.
According to [5] with ωτ increasing αλ(ω) slowly
approaches the constant value defined by the
critical indices.
The most difficult problem within the slow re-
laxation ML theory is the behavior of ζ and αλ
in the immediate vicinity of the 2’nd order tran-
sition temperature, i.e., at |t| . Gi, where t =
(T − Tc)/Tc, and Gi is the Ginzburg-Levanyuk
number. The subtle point is the distinction
between hydrodynamic and non-hydrodynamic
sectors [2, 9, 15]. Following [7, 8, 10] we con-
sider ω → 0, T → Tc. In various approaches,
like d = 4 − ε renormalization, modes coupling
theory, or isomorphism between the fluid and 3d
Ising system the bulk viscosity ζ(ω → 0, T →
Tc) shows a power divergence
ζ ∼ ξz−α/ν ∼ t−zν+α, (5)
Here ξ is the correlation length, z ≃ 3 is
the dynamical critical exponent, ν ≃ 0.6 is the
correlation length critical exponent, ξ(t) ≃ t−ν ,
3α ≃ 0.11 is the critical exponent of the heat
capacity. According to (4) αλ diverges near Tc
as αλ ∼ t
−1.69. The above anomalies of ζ and
αλ arise as a result of coupling between the hy-
drodynamical modes and the slow order param-
eter mode. Below we present a dynamical model
[16] which explicitly contains the slow mode and
gives the critical behavior of ζ(T ) very close to
(5). Consider a region of the QCD phase di-
agram corresponding to the onset of the 2SC
superconductivity. For the orientation purposes
one can take Tc ≃ 40 MeV, µ(quark)≃ 400 MeV.
In color superconductor the exceedingly narrow
BCS fluctuation region is replaced by a wide and
physically important one δT/T ≃ 10−4 instead
of (10−12 − 10−14) in BCS. When the tempera-
ture approaches Tc from above precursor quark
pairing takes place. Fluctuations of the pair field
are described by a collective mode propagator, or
the fluctuation propagator (FP) L(q, ω) [4]. In
[16, 17] the FP was derived for the relativistic
quark system using either Dyson equation, or
the time-dependent Landau-Ginzburg equation
with stochastic Langevin forces. The FP reads
L(q, ω) = −
1
ν
·
1
t+ pi
8Tc
(−iω +Dq2)
, (6)
where ν = p0µ/2pi
2, p0 is the Fermi momen-
tum, D is the diffusion coefficient. At small ω
and q the FP L(q, ω) can be arbitrary large in
the t → 0 limit. Within the Kubo formalism ζ
and αλ are expressed in terms of the pressure-
pressure correlation function. In the diagram-
matic expansion of the correlation function close
to Tc diagrams containing L(q, ω) bring the
dominant contribution. Based on the experience
gained in condensed matter physics [4] we as-
sume that the Aslamazov-Larkin (AL) diagram
shown in Fig.1 plays the leading role. In the
short presentation we leave out the detailed eval-
uation of this diagram which may be found in
[16, 17].
FIG. 1. Feynman diagram for the AL polarization
operator. The way lines correspond to L(q, ω).
The important point is that the imaginary
part of the polarization operator corresponding
to the AL diagram is proportional to t−3/2. Then
the Dyson equation yields
αλ ≃ R · ω · t
−3/2 · ln2
Λ
2piTc
, (7)
where R has a dimension m−1 and depends
on the critical temperature, Fermi momentum
and the quark mean free path [16, 17], Λ is the
UV cut-off equal to the Debye frequency in BCS.
The bulk viscosity is
ζ ≃ R ·
εc2
pi
· t−3/2 · ln2
Λ
2piTc
. (8)
4The temperature dependence t−3/2 is rather
close to the scaling law (5). Finally, we note
that the electrical conductivity given by the AL
diagram has the t−1/2 dependence [17]. We also
note that a broad range of acoustic problems in
QGP has been examined in [18].
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